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Urban air qualityIsoprene is emitted in large quantities by vegetation, exhaled by humanbeings and released in small quantities by
road trafﬁc. As a result of its high reactivity, isoprene is an important ozone precursor in the troposphere and can
play a key role in atmospheric chemistry. Measurements of isoprene in urban areas in Central Europe are scarce.
Thus, in Essen, Germany, the isoprene concentrationwasmeasured at various sites during different seasons using
two compact online GC-PID systems. Isoprene concentrationswere comparedwith those of benzene and toluene,
which represent typical anthropogenic VOCs. In the summer, the diurnal variation in isoprene concentrationwas
dependent on the biogenic emissions in the city. It was found that its maximum concentration occurred during
the day, in contrast to the benzene and toluene concentrations. During the measurement period in the summer
of 2012, the average hourly isoprene concentrations reached 0.13 to 0.17 ppb between 10 and 20 LST. At high
air temperatures, the isoprene concentration exceeded the benzene and toluene concentrations at many of the
sites. Isoprene became more important than toluene with regard to ozone formation in the city area during the
afternoon hours of summer dayswith high air temperatures. This ﬁnding was demonstrated by the contributions
to OH reactivity and ozone-forming potential. It contradicts the results of other studies,whichwere based on daily
or seasonal average values. With an isoprene/benzene ratio of 0.02, the contribution of anthropogenic isoprene
decreased substantially to a very low level during the last 20 years in Central Europe due to a strong reduction
in road trafﬁc emissions. In the vicinity of many people, isoprene concentrations of up to 0.54 ppb and iso-
prene/benzene ratios of up to 1.34 were found in the atmosphere due to isoprene exhaled by humans.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Isoprene (C5H8), a biogenic VOC (volatile organic compound), is
an important ozone precursor, as it is highly reactive and is emitted
in large quantities by vegetation. It has also been found that photo-
oxidation of isoprene can lead to the formation of secondary organic
aerosols (SOAs) (Claeys et al., 2004; Paulot et al., 2009). Global
isoprene emissions from biogenic sources are estimated to be 440–
600 TgC per year (Guenther et al., 2006). In contrast, the total global
emissions of anthropogenic VOCs are only approximately 100 TgC
per year (Kansal, 2009). Isoprene is primarily emitted by certain species
of deciduous trees and shrubs (Guenther et al., 2006). The emission rate
depends on temperature and light conditions (Guenther et al., 1991,
1993). Therefore, isoprene emissions are very high on hot, sunny
days. Isoprene can be emitted in considerable amounts not only in
rural, particularly wooded areas but also in urban areas where a largeen, Campus Essen, Faculty of
gy, Building S-A/Room 023,
er).
. Open access under CC BY-NC-ND licnumber of isoprene-emitting trees are planted as urban vegetation
(Taha, 1996; Benjamin and Winer, 1998).
Isoprene may also be of anthropogenic origin (Christensen et al.,
1999; Reimann et al., 2000; Borbon et al., 2001). The anthropogenic
contribution, which is primarily a result of road trafﬁc emissions,
can be determined via its ratio to the concentration of a typical trafﬁc
tracer outside the growing season and amounts to approximately 5%
of the benzene concentration (Christensen et al., 1999; Borbon et al.,
2001; Duane et al., 2002). Depending on the location and season, the
urban isoprene concentration is dominated by biogenic or anthropo-
genic sources (Park et al., 2011; von Schneidemesser et al., 2011;
Hellén et al., 2012). Human exhalation is another source of isoprene.
Kinoyama et al. (2008) and Kushch et al. (2008) found average iso-
prene concentrations of 65 and 99 ppb, respectively, in the air ex-
haled by human test subjects. Isoprene is a by-product of metabolic
cholesterol synthesis.
Although it has been known since the studies of Haagen-Smit et al.
(1953) that VOCs and NOx (nitrogen oxides) are major precursors of
near-surface ozone formation, the importance of isoprene in ozone
chemistry in urban areas is still being discussed (e.g., Wiedinmyer
et al., 2001; von Schneidemesser et al., 2011). The photochemical rele-
vance of isoprene in urban areas, where anthropogenic emissionsense.
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those of anthropogenic VOCs, is a subject of debate (Durana et al.,
2006; Saito et al., 2009; Xie et al., 2008). However, not only is the con-
centration of a precursor important for ozone formation, but its ozone
formation potential and reactivity are also important. In ozone forma-
tion, a VOC molecule (RH) initially reacts with OH radicals, producing
a peroxy radical (RO2). The peroxy radical is formed via H-atom ab-
straction in alkanes (R1a) and via addition of OH and O2 to the dou-
ble bond in alkenes (R1b). Both pathways of radical formation are
possible in aromatic compounds, although addition of OH radicals
to the aromatic ring is the primary reaction pathway (Seinfeld and
Pandis, 2006). In a subsequent reaction, RO2 oxidises nitrogen mon-
oxide (NO), forming nitrogen dioxide (NO2) (R2), which completes
ozone formation by photolysis (R3).
RH þ OH þ O2→RO2 þ H2O ðR1aÞ
R C_C R þ OH þ O2→R CðOHÞ  CðO2Þ  R ðR1bÞ
RO2 þ NO→RO þ NO2 ðR2Þ
NO2 þ O2 þ h·ν→O3 þ NO ðR3Þ
Isoprene has both a high reactivity and a high ozone-forming po-
tential and therefore can contribute to ozone formation quickly and
efﬁciently (Carter, 1994; Atkinson, 2000). In addition, maximum iso-
prene emissions are reached around midday and in the afternoon of
summer days with high air temperatures and high solar radiation
and therefore occur during the time of day with the most favourable
photochemical conditions and the highest ozone and OH concentra-
tions (Lee and Wang, 2006). In contrast, anthropogenic emissions
reach their maximum during rush hours in the morning and in the
evening, with low OH concentrations and less intense solar radia-
tion. When taking reactivity and seasonal and weather variations
into account, isoprene is also among the most important ozone pre-
cursors in urban areas (Chameides et al., 1992; Xie et al., 2008; Saito
et al., 2009; Ran et al., 2011; Hellén et al., 2012). Model studies have
shown that biogenic VOCs, particularly isoprene, cause a signiﬁcant
increase in ozone concentrations in urban areas. It is not so much
the average but the maximum ozone concentration that is boosted
by biogenic VOCs (Bao et al., 2010; Im et al., 2011; Papiez et al., 2009).
The contribution of individual tree species to this increase depends on
whethermore ozone is absorbed by deposition ormore ozone is formed
as a result of biogenic VOCemissions (Donovan et al., 2005; Nowaket al.,
2000; Taha, 1996). The non-linearity of ozone chemistry must also be
taken into consideration when assessing the relevance of biogenic
VOCs (Lin et al., 1988; Sillman, 1999). Chameides et al. (1988)
noted that the reduction in anthropogenic VOC emissions as an
ozone reduction strategy will only lead to a slight decrease in
ozone concentrations if biogenic VOCs are present in the urban
atmosphere.
This study was motivated by the fact that only a fewmeasurements
of isoprene concentration have been conducted in urban areas in the
central part of Europe (e.g., Derwent et al., 2000; Borbon et al., 2001;
Langford et al., 2009; von Schneidemesser et al., 2011). The investi-
gations of Derwent et al. (2000) and Borbon et al. (2001) were per-
formed in the 1990s, but since that time, the concentrations of
anthropogenic VOCs declined steeply due to reduced vehicular emis-
sions (Stemmler et al., 2005; Dollard et al., 2007; von Schneidemesser
et al., 2010). Thus, it can be assumed that the anthropogenic contribu-
tion to isoprene concentration also decreased greatly during the last
twenty years, and biogenic emissions become more important in com-
parison to anthropogenic emissions in the summer (Dollard et al.,2007). Another motivation was that average values were often consid-
ered when comparing isoprene to other precursors or when assessing
the contribution of isoprene to ozone formation, e.g., mean annual
concentrations (Derwent et al., 2000) and average diurnal variations
in isoprene contribution to OH reactivity during summer and winter
months (von Schneidemesser et al., 2011). However, due to the strong
dependence of biogenic emissions on temperature and light conditions
and their short atmospheric lifetime, isoprene is expected to be impor-
tant in atmospheric chemistry, particularly on hot summer days.
The aim of this study was to investigate the temporal and spatial
variations in isoprene concentrations in the urban area of Essen,
Germany, to address the following questions: (i) What level does
the isoprene concentration reach in the urban atmosphere of Essen,
and what impact do meteorological conditions have on the concen-
trations? (ii) To what extent do anthropogenic isoprene emissions
contribute to the current isoprene level? (iii) Should isoprene be
considered an important ozone precursor in the near-surface urban
atmosphere on summer days with high air temperatures?
The inﬂuence of various isoprene sources and meteorological
conditions on isoprene concentrations was analysed by comparing
the isoprene concentration with the concentrations of benzene and
toluene, which represent typical anthropogenic VOCs. Benzene was
chosen as a tracer of road trafﬁc emissions. Toluene is one of the
most abundant VOCs in the urban atmosphere and is emitted by
road trafﬁc and solvent use.
2. Experimental
2.1. Study area
The measurements were performed within the boundaries of
the city of Essen. Essen is located in western Germany (51° 27′ N,
7° 00′ E) and is part of the Ruhr conurbation, which has a popula-
tion of approximately 5.2 million (2011). Essen itself has approxi-
mately 566,000 residents (2013) and an area of 210 km².
There are only a few large wooded areas in the immediate vicinity
of Essen (Fig. 1). The total area of woodland in the city is 32.39 km².
Most of the woodlands are located in the less densely populated
southern part of the city area and consist of mixed forest, with
beeches and oaks as the most common tree species. However, it
must be assumed that, in addition to the biogenic VOC emissions of
the forests, urban vegetation has a non-negligible isoprene emission
potential. Many trees, including a large number of isoprene high-
emitters (Table 1), are located in urban green spaces (e.g., parks
and cemeteries), gardens and backyards or on slag heaps and at the
edges of railway facilities, water bodies, agricultural areas, play-
grounds and sports facilities. As the photographs in Fig. 2 shows,
there is a considerable amount of vegetation in the city centre of
Essen. To a large extent, this urban vegetation is not included in
land use data (Fig. 1) or tree registries. Finally, there are approxi-
mately 188,000 roadside trees in Essen. The most popular and com-
mon roadside tree is Platanus × hybrida, which is an isoprene high-
emitter and accounts for approximately 9% of all roadside trees.
To investigate isoprene in the urban environment of Essen,measure-
ments were carried out at various sites on selected days and during se-
lected periods in 2011 and 2012 (Table 2). The air was sampled 4 m
above ground level (agl), with the exception of the “car park” and
“street canyon” (both 10 m agl) and “rooftop” (34 m agl) sites. Apart
from the “park” site, all of the measurement sites are characterised by
typical urban features (high degree of sealed surfaces and trafﬁc areas
in the immediate vicinity). At two sites (“rooftop” and “arterial road”),
measurementswere carried out over a period of severalweeks to inves-
tigate the inﬂuence of various sources andmeteorological conditions on
the concentrations of isoprene, benzene and toluene at various times of
day and during various seasons. Measurements were performed over
several days during operations of the Christmas market in the city
Fig. 1. Land use map of Essen and surrounding area. In themap, all industrial areas, trafﬁc
areas, built-up or otherwise highly sealed areas (e.g., sports facilities) are grouped together
in the category of urban surfaces. The category of urban green areas includes such areas as
parks and cemeteries. The cross marks the location of the town hall. The photos in Fig. 2
were taken from the roof of this building. The inset in the map shows the location of
Essen within Germany.
Based on CORINE land cover data set for 2006; modiﬁed
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exhaled by humans. Additional measurements were performed over
one or two days at various other sites to investigate the photochemical
impact of isoprene on selected summer days (tair,max ≥ 25 °C) with in-
tense solar radiation. The measurement sites were selected to include
various urban features (residential area with low trafﬁc density,Table 1
Typical isoprene high-emitters in urban areas. High emitters are deﬁned as tree species
with an isoprene emission rate exceeding 10 μg of isoprene per g of dry leaf weight
(dlw) per hour at standard conditions (leaf temperature of 30 °C and photosynthetically
active radiation (PAR) of 1000 μmol photons m−2 s−1). Emission rates were adopted
from the database of Hewitt and Street (1992), which was updated in 2004.
Tree species Common name Isoprene emission rate
(μg g (dlw)−1 h−1)
Platanus × hybrida London plane 10.68
Platanus occidentalis American sycamore 24.29–27.6
Populus alba White poplar 19.94
Populus nigra Black poplar 29.23–76
Populus tremula Aspen 51
Robinia pseudoacacia Black locust 10.1–13.5
Quercus robur English oak 40–76.6
Quercus petraea Sessile oak N0.61–45
Quercus rubra Red oak 14.8–61
Salix alba White willow 37.2
Salix babylonica Weeping willow 22.8–233±46industrial area, busy road, park, sites with many and few isoprene
emitters) and to gain a representative impression of VOC concentrations
in the near-surface urban atmosphere (Table 2).
2.2. Instrumentation
Isoprene, benzene and toluene concentrations were measured
using two online gas chromatographs (see details in Table 3). Their
compact design made them portable and ﬂexible throughout the
measurement period and for use at the various locations. Both of
the gas chromatographs were equipped with an internal enrichment
stage and a photo ionisation detector. Samples were collected every
30 min over effective sampling intervals spanning 10 min. Parallel
measurements using both of the gas chromatographs indicated satisfac-
tory agreement between the two instruments. Inert PFA hoses from
Swagelok were used for sampling air from the atmosphere.
A GC 955 was used for the long-term measurements at the arterial
road and rooftop sites. A GC 5000was used for all of the other measure-
ments listed in Table 2.
To avoid integration errors due to incorrect peak detection, each
chromatogram was checked individually. Although the detection limit
was estimated to be 0.03 ppb using the GC 5000 and 0.02 ppb using
GC 955, based on a signal-to-noise ratio of 3, small peaks below the de-
tection limit yet distinguishable from the noise appeared systematically
rather than randomly. Therefore, these small peaks were also used in
the analyses, and their levels were set to half of the detection limit.
Peaks below the detection limit were only identiﬁed for isoprene. The
reproducibility was between 1 and 6%, depending on the instrument
and the compound.
The drift was tested at intervals of a few weeks using a test gas mix-
ture containing isoprene, benzene and toluene (3 ppb each; produced
by the National Physical Laboratory, Teddington, UK); if necessary, the
instrument was recalibrated. If the measured concentration of the test
gas component was less than 90% of the true concentration in the test
gas mixture, then the values measured since the last calibration were
corrected, assuming that linear drift had occurred.
Meteorological dataweremeasured by the department's ownmete-
orological station on the university campus in the Essen city centre.
During the measurements at the rooftop site, from July to December
2012, the solar radiation and wind speed were measured on site on a
10 m tower (44 m agl), and the ozone concentration was measured
using a Horiba APOA-350E (34 m agl). To determine the height of the
mixing layer, a Vaisala Ceilometer CL51 was used at the meteorological
station during the measurements taken between 28 February 2012 and
3 April 2012.
3. Results and discussion
3.1. Analysis of the isoprene concentration during the growing season
3.1.1. Diurnal variations in isoprene, benzene and toluene concentrations
in summer
To investigate the diurnal variations in the isoprene, benzene and
toluene concentrations in the summer, hourly average values were cal-
culated based on the measurements at the rooftop site during the peri-
od between 23 July 2012 and 2 September 2012 (Fig. 3). The highest
isoprene concentrations, 0.13 to 0.17 ppb, were measured in the day-
time between 10 and 20 LST (local standard time, UTC + 1 h). In the
evening andduring theﬁrst half of the night, the isoprene concentration
fell off continuously, reaching a minimum of 0.01 ppb between 3 and 5
LST. In contrast, the maximum benzene and toluene concentrations
were reached during the morning rush hour and in the late evening
hours (Fig. 3). The lowest benzene and toluene concentrations were
measured in the early afternoon. The mean concentrations of isoprene,
benzene and toluene during the entire measurement period were 0.09,
0.16 and 0.45 ppb, respectively.
Fig. 2. A bird's-eye view of the centre of Essen. The photos were taken from the roof of Essen town hall (100 m agl); views are to the southeast and north. The location of the town hall is
marked by a cross in Fig. 1. The rooftop site (see Table 2) is indicated.
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emission rate and atmospheric dilution processes (distribution and
chemical decomposition). Dilution is promoted in the daytime by a
high mixing layer, high wind speeds and the available radiation. The
turbulent mixing of photochemically aged air down from the residual
layer also reduces near-surface concentrations. This effect becomes
more pronounced as the atmospheric lifetimes of VOCs become shorter.
Despite its high reactivity, isoprene reaches itsmaximum concentration
in the daytime, which indicates a considerable inﬂuence of biogenic iso-
prene emissions by urban vegetation. Isoprene is released by vegetation
primarily around midday and in the afternoon, when the temperatures
and light intensity are at their highest. In the case of benzene, itsTable 2
Descriptions and locations ofmeasurement sites andmeasurement periods. Distances and direc
as isoprene high emitters are listed in Table 1.
Designation of sites Description of site (name of street/place)
[distance and direction from town hall]
Measurement period
Car parka Car park of the university campus in Essen,
containing a large number of isoprene
emitters [1.2 km NW]
27 to 28 June 2011
Street canyona Street canyon with low trafﬁc density, low
exchange and a large number of isoprene
emitters in a residential area (Savignystraße,
~1000 vehicles d−1) [2.2 km SW]
12 July 2011
Arterial roadb Street canyon formed by an arterial road with
high trafﬁc density (Gladbecker Straße, 4-lane,
40,000–50,000 vehicles d−1) [2.3 km N]
28 February to 3 April
Campus stationc Meteorological station on the university
campus east of the car park [1.0 km NW]
21 June 2012
Ring roada Road near the city centre with high trafﬁc
density (Friedrichstraße, 4-lane, 40,000–
50,000 vehicles d−1) [1.6 km SW]
4 July 2012
Rooftopa,c,d Roof of a university building in Essen city
centre (Viehofer Platz, 34 m agl) [0.4 km N;
see Fig. 2]
23 July to 7 December
Marketplacea Central marketplace in a residential area with
low trafﬁc density (kleiner Markt) [3.9 km
SW]
24 July 2012
Parka Park near city centre (Stadtgarten, 6.9 ha)
[1.3 km S]
25 July 2012
Harboura Industrial area next to canal (Am Stadthafen)
[5.4 km NW]
26 to 27 July 2012
Christmas marketd Christmas market in a large square in the
pedestrian district in Essen city centre
(Kennedy Platz) [0.4 km SW]
9 to 12 December 201
a Investigation of the importance of isoprene as an ozone precursor.
b Investigation of anthropogenic isoprene.
c Investigation of biogenic isoprene.
d Investigation of metabolic isoprene.increased release with trafﬁc emissions is nearly compensated for by
more intense dilution in the daytime; as a result, benzene does not ex-
hibit very pronounced diurnal variations. The diurnal variations in tolu-
ene concentrations are more pronounced than those of benzene
because toluene, in contrast to benzene, is released in large quantities
not only by road trafﬁc but also by solvents. These emissions can accu-
mulate in the boundary layer at night.
The hourly average isoprene/benzene and isoprene/toluene concen-
tration ratios reached their maxima, i.e., values of 1.33 and 0.81, respec-
tively, in the daytime, falling to values of 0.04 and 0.01, respectively, at
night (not shown). Due to the strong dependence of biogenic isoprene
emissions on the temperature and light intensity, the isoprene/benzenetions are relative to the town hall in Essen city centre (see Fig. 1). Tree species characterised
Number of high emitters at a distance of
b20 m from
measurement site
20–50 m from
measurement site
50–100 m from
measurement site
100–200 m from
measurement site
6 8 ~45 ~110
4 6 15 84
2012 Measurement prior to leaf appearance,
no biogenic emissions to be expected
0 8 ~25 ~100
0 4 7 39
2012 1 6 19 49
0 0 4 8
2 2 7 77
0 0 0 1
2 Measurement in winter,
no biogenic emissions to be expected
Table 3
Technical data and setup of the gas chromatographs.
GC 5000 GC 955
Manufacturer AMA Instruments GmbH Synspec b.v.
Detection limita 0.03 ppb 0.02 ppb
Adsorbents Carbotrap-B + Carbopack-X Tenax GR
Sampling duration 10 min, continuous 20 min, discontinuous (10 piston strokes of approximately 1 min each)
Sampling volume 300 ml 260 ml (10 strokes, 26 ml each)
Sampling temperature 30 °C Room temperature
Stripper column 15-m AMAsep WAX (0.25-μm ﬁlm thickness, 0.32-mm ID) 5-m CP-Sil 5 CB capillary column (1-μm ﬁlm thickness, 0.32-mm ID)
Separation column 25 m AMAsep Alumina capillary column (8-μm ﬁlm thickness, 0.32-mm ID) 10-m CP-Al2O3/Na2SO4 capillary column (5-μm ﬁlm thickness, 0.32-mm ID)
Cycle time 30 min 30 min
Carrier gas Nitrogen 5.0 Nitrogen 5.0
a Estimated based on a signal-to-noise ratio of three.
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tions (Fig. 4). On a hot, sunny day, the isoprene concentration is signif-
icantly higher than the benzene and toluene concentrations, whereas it
is lower than the benzene and toluene concentrations on a cool, cloudy
day. This trend becomes clear after comparing the ﬁndings from two
days in August 2012. On 19 August 2012, when the air temperature
reached 38.2 °C and there were no clouds in the sky, the eight-hourly
averages of the isoprene/benzene and isoprene/toluene ratios reached
4.11 and 2.08, respectively, between 10 and 18 LST, corresponding to
a period with a well-mixed boundary layer (Fig. 4, hot day). Three
days later, on 22 August 2012, when there were scattered clouds, the
maximum air temperature was only 23.8 °C. Under these conditions,
eight-hourly average isoprene/benzene and isoprene/toluene ratios of
only 0.70 and 0.30, respectively, were measured (Fig. 4, cool day).
These differences were primarily a result of the isoprene concentration,
which was nearly 6 times higher on 19 August than on 22 August
(0.41 ppb versus 0.07 ppb). In contrast, there was only a small differ-
ence between the average values of the toluene/benzene ratio between
10 and 18 LST, i.e., 2.17 on 19 August 2012 and 2.38 on 22 August 2012
(Fig. 4).
Two types of diurnal variations in isoprene concentrations were
identiﬁed (Fig. 5). These variations are characterised by the different
shapes of their diurnal courses and by differences in their correlations
between the isoprene concentration and isoprene emission rate. Ac-
cording to the algorithm published by Guenther et al. (1993), the emis-
sion rate under certain environmental conditions can be calculated from
the product of a species-speciﬁc emission rate at standard conditions
(leaf temperature of 30 °C and PAR of 1000 μmol photons m−2 s−1)
and the factors CT and CL, which take into consideration the temperatureFig. 3. Diurnal variations in the hourly average concentrations of isoprene, benzene and
toluene in the summer, measured at the rooftop site from 23 July 2012 to 2 September
2012.dependence (CT) and light dependence (CL) of isoprene emissions. The
product of CT and CL represents a standardised emission rate, which is
shown in Fig. 5. Near isoprene-emitting trees, an "emissions-affected"
diurnal variation can be identiﬁed. In this case, the diurnal variation in
isoprene concentrations was dominated by the diurnal variation in bio-
genic isoprene emissions. The maximum concentration was reached in
the afternoon, and there is a strong correlation between the isoprene
concentration and standardised isoprene emission rate (Fig. 5a). The
other extreme case is a "meteorologically/chemically affected" diurnal
variation (Fig. 5b). In this type, the diurnal variation displays two con-
centration peaks, which were reached in the morning and evening, as
in the case of anthropogenic VOCs. However, these peakswere less a re-
sult of anthropogenic isoprene emissions, which normally reach their
maximum during the rush hour, and instead represent the time when
the roles of inﬂuencing factors changed. Before the morning peak and
after the evening peak, the isoprene concentrationwas primarily affect-
ed by local emissions at low wind speeds, whereas intensiﬁed dilution
during the day effectively disconnected the isoprene concentration
from the emission rate. The correlation of isoprene concentration and
standardised isoprene emission rate is weak (Fig. 5b). Both types of di-
urnal variations were identiﬁed at several sites, which indicate that
there is considerable spatial variation in isoprene emissions in the
Essen area and there are a large number of hotspots of biogenic emis-
sions in the urban area of investigation. At some sites the diurnal varia-
tion exhibited a composite of the two types, with isoprene rising to a
certain level in the morning, remaining at that level until the evening
and then falling off again (similar to the mean diurnal variations in
Fig. 3).
3.1.2. Factors inﬂuencing isoprene concentration in the summer
To investigate the meteorological impact on isoprene concentration
in the summer and to draw a comparison with benzene and toluene,
correlation analysis was performed based on the measurements made
at the rooftop site from 23 July 2012 to 2 September 2012. Due to the
light dependence of isoprene emissions, separate analyses of the day-
time and night-time situations were performed. Half-hourly values
measured between 12 and 15 LST were used to analyse the daytime sit-
uation, and half-hourly values measured between 0 and 3 LST were
used to analyse the night-time situation. These time intervals were se-
lected to ensure that meteorological and photochemical conditions
were as uniform as possible. The inclusion of morning and evening
hours may have led to a blurring of the various relationships, as is the
case in the "meteorologically/chemically affected" diurnal variation as
a result of the disconnect between the isoprene concentration and iso-
prene emissions in the daytime (Fig. 5b).
The results of the correlation analysis are shown in Table 4. In the af-
ternoon, the air temperature and isoprene concentration are highly cor-
related (r = 0.74). The correlation coefﬁcients between the benzene
and toluene, respectively, and air temperature are low (r = −0.17
and −0.03, respectively). As a result, the isoprene/benzene and
isoprene/toluene ratios increase with rising air temperature (r = 0.79
Fig. 4. Diurnal variations in the half-hourly concentration ratios on 19 August 2012 (hot day) and 22 August 2012 (cool day), measured at the rooftop site.
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isoprene concentration is unexpectedly weak (r = 0.25). Among other
explanations, this weakness is most likely due to shading effects. Most
leaves in the crown region of trees are shaded by other leaves or
twigs, and only the leaves of the outer edge of the crown are actually ex-
posed to sunlight. In addition, trees in the city are also shaded by sur-
rounding buildings. Another explanation would appear to be
intensiﬁed thermal mixing and a high mixing layer in the case of high
insolation, as a stronger correlation with solar radiation is observed
when the isoprene/benzene (r = 0.46) and isoprene/toluene ratios
(r = 0.42) are considered. Unlike the concentrations, the concentration
ratios are not inﬂuenced by physical mixing. The ratios are only affected
by the emission rates and the various rates of chemical decomposition
in the atmosphere. The benzene and toluene concentrations correlate
negatively with the solar radiation, which is probably also an effect of
thermal mixing. The wind speed only correlates signiﬁcantly with the
concentration of benzene, but this correlation is weak.
The situation at night is different from that in the afternoon. As a
result of the lack of biogenic isoprene emissions, there is only a weak
correlation between the isoprene concentration and air temperature
(r = −0.17). However, the signiﬁcance of the correlation is only
based on two individual nights when higher isoprene concentrations
occurred as a result of inversions and low wind speeds. Whereas the
correlation between the isoprene and benzene or isoprene and tolu-
ene concentrations during the daytime is weak as a result of biogenic
isoprene emissions (r = 0.26 and 0.38, respectively), the isoprene
concentration at night is more strongly correlated with the benzene
(r = 0.59) and toluene (r = 0.51) concentrations. In contrast to the
daytime situation, all of the VOCs are negatively correlated with the
wind speed, which therefore has a major inﬂuence on night-time
concentrations. As shown in Section 3.2, this correlation is actually
a non-linear function. The correlation of benzene and toluene is
strong both during the daytime and at night (r N 0.75; not shown).
The correlation analysis clearly shows that it is absolutely essential
in the study of isoprene to distinguish between the daytime and
night-time situations.
3.2. Analysis of isoprene concentration outside the growing season
3.2.1. Seasonal decrease in biogenic isoprene emissions during autumn
Measurements at the rooftop site in the summer and autumn of
2012 indicate that the isoprene concentration and the isoprene/
benzene ratio decreased during September and the ﬁrst half of October
(Fig. 6), which can be explained by the seasonal drop in air tempera-
tures and light intensity and the senescence of leaves. Whereas the 3-
hourly average isoprene/benzene ratio in the afternoon (12–15 LST)in August 2012 was 1.32, it fell to only 0.09 in the second week of
October (8 to 14 October 2012). The highest 3-hourly average iso-
prene concentration in the afternoon was 0.32 ppb on 19 August.
In the summer of 2012, the isoprene concentration was always
above the detection limit of 0.02 ppb in the afternoon hours. In con-
trast, the isoprene concentration was only above the detection limit in
the case of approximately 40% of the half-hour values during the second
week of October. These results suggest that biogenic emissions scarcely
played a role in October 2012. The high isoprene concentrations after
mid-October are discussed further below.
3.2.2. Anthropogenic isoprene
The anthropogenic contribution to the isoprene concentration
was investigated using measurements on a four-lane arterial road
in the northern part of Essen (40,000–50,000 vehicles d−1) from
28 February 2012 to 3 April 2012. The measurements were made
prior to the appearance of leaves, which occurred in mid-April,
which means that a biogenic contribution can largely be excluded.
Fig. 7 shows the average diurnal variations in isoprene, benzene and tol-
uene concentrations during this investigation period. In contrast to the
situation in the summer, the diurnal isoprene variation is not distin-
guishable from the diurnal benzene and toluene variations. The iso-
prene concentration reached maximum values in the morning and
evening, which is typical of anthropogenic VOCs; however, the isoprene
concentrationwasmuch lower than that of benzene or toluene. The av-
erage isoprene/benzene ratio over the entire periodwas 0.02. No signif-
icant difference between the night-time and daytime situations could
be identiﬁed. Between 0 and 3 LST, the average isoprene/benzene
ratio was 0.02, compared with 0.01 between 12 and 15 LST. It is there-
fore most likely that the isoprene was solely of anthropogenic origin.
The mean concentrations of isoprene, benzene and toluene during the
entire measurement period were 0.03, 0.95 and 1.38 ppb, respectively.
Table 5 shows the results of the correlation analysis of the measure-
ments on the arterial road in the daytime and night-time situations. In
contrast to the situation in the summer, isoprene is only moderately
correlated with the air temperature in the afternoon (r = 0.31). This
correlationmost likely does not reﬂect a relationship of cause and effect
but was produced accidentally by other factors because benzene and
toluene are also moderately correlated with the air temperature. Both
at night and during the daytime, there is a strong correlation between
the isoprene concentration and the benzene and toluene concentrations
(r N 0.8). The strong correlation between these VOCs indicates that the
primary source of isoprene is the same as that of benzene and toluene,
which is probably road trafﬁc. Both during the daytime and at night,
there is a very strong correlation between benzene and toluene concen-
trations (r N 0.85; not shown). As a result of a lack of biogenic emissions
Fig. 5. "Emissions-affected" (a) and "meteorologically-chemically affected" diurnal varia-
tions (b) in isoprene concentration together with wind speed at the measurement site.
The product of CT and CL is the standardised isoprene emission rate. Diurnal variation
(a) was recorded on 21 June 2012 at the campus station (4 m agl), and diurnal variation
(b) was recorded on 24 July 2012 at the rooftop site (34 m agl).
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small difference between the correlation coefﬁcients of the daytime
and night-time situations with the wind speed. The wind speed also
has a considerable impact on all of the VOC concentrations both at
night and in the daytime (Table 5). The highest isoprene concentrations
were measured during calm conditions (up to 0.49 ppb; Fig. 8, left).
With increasing wind speed, the concentration falls off non-linearly,
reaching values below the detection limit at higher wind speeds. The
best ﬁt was obtained with a hyperbolic regression curve. Fifty percent
of the half-hourly values above the detection limit were measured atwind speeds below 0.56 m s−1. At wind speeds above 3 m s−1, the iso-
prene was so strongly diluted that no values above the detection limit
were measured. As a result of the low isoprene emissions outside the
growing season, isoprene was only detected during times of low atmo-
spheric exchange. A strong non-linear dependence of benzene on wind
speed was also identiﬁed, although its concentration was higher
(Fig. 8).
The height of the mixing layer also had a considerable impact on
concentrations (Fig. 8, right). During the measurement period at the
arterial road site, the mixing layer height (MLH) was determined
using a ceilometer bymeasuring the vertical proﬁle of optical backscatter
intensity and using the gradient method (Emeis et al., 2007). MLH inter-
vals of 200 m were selected to minimise the impact of complex bound-
ary layer structure on the correlation. For every MLH class, the mean
and maximum VOC concentrations were calculated from the measured
half-hourly VOC concentrations. As shown in Fig. 8, the concentrations
increase with the decreasing height of the mixing layer. In particular,
the maximum concentrations rose sharply as the height of the mixing
layer dropped.
Based on themeasurements at arterial road site, it can be concluded
that the contribution of anthropogenic isoprene is now low due to the
strong decrease in road trafﬁc emissions during the last twenty years
(Fig. 7). The mean isoprene concentration from 28 February 2012 to 3
April 2012 was just 0.03 ppb, and no anthropogenic isoprene could be
detected when the wind speed and MLH were high. High concentra-
tions occurred during calm (low wind) weather conditions and low
MLH (Fig. 8).3.2.3. Metabolic isoprene
After mid-October 2012, unexpectedly high isoprene concentra-
tions and isoprene/benzene ratios were measured at the rooftop
site (Fig. 6). With an isoprene/benzene ratio of 0.02, the anthropo-
genic contribution of road trafﬁc emissions to isoprene concentra-
tion is too low to explain these high values. Certain studies have
demonstrated that humans themselves are a source of isoprene as
they exhale this substance in high concentrations of approximately
100 ppb (Kushch et al., 2008). After 15 October 2012 (the day when
university lectures in the winter semester started), the lecture room
on the top ﬂoor of the university building where the measurements
were performed was used intensively. The outlet for spent air from
the lecture room was located only a few metres from the sampling
point. The average diurnal variations in the isoprene/benzene ratio on
various days of the week closely followed the use of the lecture room
(Fig. 9). Particularly on Mondays through Thursdays, a large number
of lectureswere held between 8 AMand 8 PM. The highest hourly aver-
age isoprene concentration, i.e., 0.15 ppb, were measured at 14 LST on
Wednesday. The maximum hourly average value of the isoprene/
benzene ratio (0.74) was observed at the same time. On Sundays,
when the lecture hall was not in use, the isoprene/benzene ratio was
very low, reaching values between 0.01 and 0.11, corresponding to
the expected contribution by road trafﬁc.
A signiﬁcant contribution of human exhalation to the isoprene
concentration (the metabolic contribution) was also observed in
the measurements performed at the Christmas market in the pedes-
trian district in the Essen city centre in December 2011 (Fig. 10).
Both the isoprene concentration and the isoprene/benzene ratio dis-
play pronounced diurnal variations, with the highest values occur-
ring during the opening hours of the Christmas market. In the
evening hours of Friday, Saturday and Sunday, when many people
visited the Christmas market, the isoprene concentration exceeded
the benzene concentration. Based on the 2-hourly average values, a
maximum isoprene concentration of 0.54 ppb and a maximum
isoprene/benzene ratio of 1.34 were reached. These values were both
measured on a Saturday evening, when the Christmas market received
the highest numbers of visitors (Fig. 10).
Table 4
Correlation coefﬁcients between half-hourly VOC concentrations and meteorological pa-
rameters in the afternoon (12–15 LST) (N = 238) (a) and at night (0–3 LST) (N = 230)
(b) during the period of 23 July 2012 to 2 September 2012. VOC concentrations, solar ra-
diation and wind speed weremeasured at the rooftop site, and air temperature wasmea-
sured at the nearby campus station. Signiﬁcant correlations (α = 5%) are marked by an
asterisk.
Air temperature Solar radiation Wind speed Isoprene
a.) Afternoon
Isoprene 0.74* 0.25* −0.08 1.00
Benzene −0.17* −0.47* −0.22* 0.26*
Toluene 0.03 −0.25* −0.06 0.38*
Isoprene/benzene 0.79* 0.46* 0.04 0.75*
Isoprene/toluene 0.70* 0.42* −0.04 0.61*
Toluene/benzene 0.17* 0.12 0.24* 0.22*
b.)Night
Isoprene −0.17* – −0.41* 1.00
Benzene −0.05 – −0.62* 0.59*
Toluene 0.18* – −0.59* 0.51*
Isoprene/benzene −0.24* – −0.42* 0.92*
Isoprene/toluene −0.32* – −0.37* 0.85*
Toluene/benzene 0.17* – −0.12 0.08
Fig. 7. Diurnal variations in hourly average isoprene, benzene and toluene concentrations
outside the growing season, measured at the arterial road site from 28 February 2012 to 3
April 2012.
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urban atmosphere
Both the near-surface ozone and isoprene concentration rose with
increasing air temperature (Fig. 11). For isoprene, an exponential ﬁt
was selected, as biogenic isoprene emissions also vary exponentially
with the temperature up to temperatures of approximately 35 °C
(Guenther et al., 1993). Therefore, it would appear that isoprene is
an important ozone precursor. However, because of the complexity
of ozone chemistry, it is not possible to derive a direct relationship
of cause and effect between the isoprene and ozone concentrations.
Tropospheric ozone chemistry includes a large number of reactions
of various timescales. The ozone concentration varies in non-linear
fashion with the precursor concentrations (Sillman, 1999). Near
NOx sources, NO emissions initially result in the rapid decomposition
of ozone (NO titration) before net ozone formation occurs via reactionsFig. 6. Half-hourly average values of air temperature and 3-hourly average isoprene con-
centration and isoprene/benzene ratio in the afternoon (12–15 LST)measured at the roof-
top site from 23 July 2012 to 7 December 2012.R1–R3 (Kwak and Baik, 2012). In addition, the dependence of ozone on
the temperature can bepartly explained by the temperature-dependent
rate of decomposition of peroxyacyl nitrates (PANs) (Sillman and
Samson, 1995). Therefore, the contributions of individual VOCs to
ozone formation cannot be derived simply from a statistical analysis
of measured concentrations. However, their impact on ozone chemistry
can be compared on the basis of their concentration, reactivity and po-
tential to form ozone using the contribution to OH reactivity ROH and
ozone-forming potential (OFP). The contribution to OH reactivity is
given by
ROH VOCið Þ ¼ kOH VOCið Þ  c VOCið Þ ð1Þ
where c is the concentration of VOC species i and kOH is the rate constant
of the reaction of VOCi with OH radicals. For the rate constants, the kOH
values of Seinfeld and Pandis (2006) were used, i.e., 101.0 · 10−12,
1.22 · 10−12 and 5.63 · 10−12 cm3 s−1 for isoprene, benzene and tolu-
ene, respectively.
The ozone-forming potential can be calculated using the concept of
the maximum incremental reactivity (MIR) scale of Carter (1994).
OFP VOCið Þ ¼MIR VOCið Þ  c VOCið Þ ð2ÞTable 5
Correlation coefﬁcients between half-hourly VOC concentrations and meteorological pa-
rameters in the afternoon (12–15 LST) (N = 199) (a) and at night (0–3 LST) (N = 185)
(b) during the period of 28 February 2012 to 3 April 2012. VOC concentrations weremea-
sured at the arterial road site, andmeteorological data weremeasured at the nearby cam-
pus station. Signiﬁcant correlations (α = 5%) are marked by an asterisk.
Air temperature Solar radiation Wind speed Isoprene
a.)Afternoon
Isoprene 0.31* 0.17* −0.41* 1.00
Benzene 0.38* 0.26* −0.50* 0.80*
Toluene 0.45* 0.28* −0.40* 0.83*
Isoprene/benzene 0.26* 0.11 −0.40* 0.91*
Isoprene/toluene 0.23* 0.10 −0.41* 0.87*
Toluene/benzene 0.36* 0.23* −0.03 0.36*
b.)Night
Isoprene 0.01 – −0.23* 1.00
Benzene −0.03 – −0.41* 0.89*
Toluene 0.01 – −0.39* 0.92*
Isoprene/benzene −0.02 – −0.29* 0.96*
Isoprene/toluene −0.04 – −0.31* 0.92*
Toluene/benzene 0.08 – −0.49* 0.56*
Fig. 8.Mean (black) and maximum (red) isoprene and benzene concentrations as a function of wind speed (left) and mixing layer height (right). The concentrations refer to intervals of
0.1 m s−1 forwind speed and 200 m formixing layer height (the upper limits of the intervals are shown). VOC concentrationsweremeasured at the arterial road site, andwind speed and
mixing layer height were measured at the nearby campus station from 28 February 2012 to 3 April 2012. The dotted line in the case of isoprene denotes the detection limit of 0.02 ppb.
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the decomposition of VOC species i. TheMIR valueswere those of Carter
(1994), i.e., 9.1, 0.42, and 2.7 g O3 (g VOC)−1 for isoprene, benzene and
toluene, respectively.
The photochemical signiﬁcance of isoprene compared with that of
benzene and toluene riseswith increasing air temperature due to the in-
creasing isoprene concentration (Fig. 11). On hot days when the ozone
concentration was high, high ratios of isoprene to the other VOCs wereFig. 9. Diurnal variations in hourly average isoprene/benzene ratios on various days of the
week during the lecture period in the winter semester, measured at the rooftop site from
15 October 2012 to 7 December 2012.calculated on the basis of OH reactivity. At the rooftop site in the city
centre, it was found that, at air temperatures above 30 °C, the contribu-
tion of isoprene to OH reactivity is up to 443 times and 51 times that of
benzene and toluene, respectively.
To obtain data representing the impact of isoprene, benzene and
toluene on ozone formation in the near-surface urban atmosphere,Fig. 10. Two-hourly average isoprene and benzene concentrations and isoprene/benzene
ratios at the “Christmas market” site (9 to 12 December 2011). The open hours of the
Christmas market are denoted by grey shading.
Fig. 11.Dependence of half-hourly ozone and isoprene concentrations and half-hourly ra-
tios of contribution to OH reactivity on air temperature in the afternoon (12–15 LST),mea-
sured at the rooftop site from 23 July 2012 to 2 September 2012.
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formed on selected days in the summers of 2011 and 2012 (Table 2).
The mean contribution to OH reactivity and the mean ozone-forming
potential in the afternoon hours (12–15 LST) were calculated from the
measured concentrations (Table 6). These hours are characterised by
maximum air temperature, radiation and OH radical concentration
and therefore represent the time of day when conditions are most
favourable for ozone formation. As the ozone-forming potential of
isoprene is likely to be exhausted on the day of emission as a result
of its short atmospheric lifetime, only the afternoon hours were
considered. The inclusion of night-time hours with very low iso-
prene concentrations would most likely result in a signiﬁcant
underestimation of the impact of isoprene on ozone formation. De-
pending on the emission structure of the surroundings and the air
temperature, the isoprene concentration is higher or lower than the
benzene and toluene concentrations. At the ring road site, which is
characterised by high trafﬁc density and a low number of isopreneTable 6
3-hourly average values of concentrations, contribution to OH reactivity and ozone-forming po
lected days and at selected sites in the summer (details of the sites are given in Table 2). Air te
values between 12 and 15 LST.
Measurement
(site, date)
Air temp (°C) Concentration (ppb)
Isoprene Benzene Toluene
Ring road, 04/07/2012 26.9 0.13 0.18 0.45
Marketplace, 24/07/2012 27.2 0.22 0.10 0.20
Street canyon, 12/07/2011 29.1 2.34 0.43 1.22
Park, 25/07/2012 29.9 0.50 0.11 0.15
Harbour, 26/07/2012 29.0 0.14 0.16 0.27
Harbour, 27/07/2012 30.9 0.19 0.17 0.24
Rooftop, 27/07/2012 30.9 0.30 0.16 0.29
Car park, 27/06/2011 31.0 2.00 0.34 0.77
Car park, 28/06/2011 34.5 3.65 0.28 0.51
a [VOC] × kOH.
b [VOC] × MIR.emitters in the immediate vicinity (Table 2), anthropogenic emissions
were dominant at an air temperature of 26.9 °C, and the concentration
of isoprene was lower than the benzene and toluene concentrations
(Table 6). In a low-trafﬁc density street canyon in a residential area
(street canyon site), the benzene and toluene concentrations were
high as a result of the nearby motorway. The isoprene concentration
was strongly boosted by a large number of plane trees in the low-
exchange street canyon. At an industrial site (harbour) and in a residen-
tial area with low trafﬁc density (marketplace), both representing
urban background conditions, the concentrations of isoprene, benzene
and toluene were low. The measurements at the harbour and car park
sites clearly indicate that the isoprene concentration on the second
day in each case at higher air temperatures was higher than on the
ﬁrst day, whereas the benzene and toluene concentrations tended to
be lower. Although isoprene did not reach higher concentrations than
benzene and toluene at all of the sites, its contribution to OH reactivity
was the highest at all of the sites and except for the ring road site its OFP
was also higher than that of benzene and toluene (Table 6). Other stud-
ies have shown that, on average, toluene is one of the most abundant
VOCs in urban areas and thus, despite its moderate reactivity, it is one
of the most important ozone precursors in urban areas (Niedojadlo
et al., 2007; Saito et al., 2009; Xu et al., 2011). Fig. 11 and Table 6 indi-
cate that isoprene became more important for the ozone chemistry
than toluene on summer days (tair,max ≥ 25 °C) in the urban area of
Essen.
4. Conclusions
Concentrations of isoprene, benzene and toluene were measured
at various sites in the urban area of Essen, Germany, during various
seasons, using two GC-PID systems. It was demonstrated by means
of correlation analyses that the isoprene concentration is strongly in-
ﬂuenced by the wind speed and the mixing layer height outside the
growing season. The meteorological impact on concentrations found
in this study coincides with that found in other studies (e.g., Elminir,
2005; Schäfer et al., 2006; Gupta et al., 2008). In the summer, the
wind speed also affected the isoprene concentration at night, but in
the afternoon, the isoprene concentration was primarily affected by
the temperature and solar radiation. At this time, the isoprene concen-
tration is inﬂuenced by the meteorology in a manner very different
from the effects on the benzene and toluene concentrations, indicating
the importance of biogenic isoprene emissions in the urban area. In the
summer, when air temperatures are high and solar radiation is intense,
there is a signiﬁcant increase in the isoprene concentration, and its con-
centration may exceed the concentrations of benzene and toluene.
During the measurement period in the summer of 2012, the average
hourly isoprene concentrations reached 0.13 to 0.17 ppb between 10
and 20 LST, and on 19 August 2012, the 3-hourly average isoprenetential (OFP) of isoprene, benzene and toluene in the afternoon hours (12–15 LST) on se-
mperature (air temp) was measured at the campus station and is expressed as the mean
OH reactivity (s−1)a OFP (μg m−3)b
Isoprene Benzene Toluene Isoprene Benzene Toluene
0.34 b0.01 0.06 3.42 0.24 4.54
0.55 b0.01 0.03 5.64 0.14 2.04
5.81 0.01 0.17 59.24 0.58 12.39
1.24 b0.01 0.02 12.65 0.15 1.49
0.36 b0.01 0.04 3.62 0.21 2.74
0.48 b0.01 0.03 4.89 0.23 2.40
0.76 b0.01 0.04 7.72 0.21 2.93
4.96 0.01 0.11 50.60 0.46 7.86
9.07 b0.01 0.07 92.43 0.38 5.15
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ciated with an isoprene/benzene ratio of 4.06.
Based on the interactions between biogenic emissions andmeteoro-
logical impacts, two types of diurnal variations in isoprene concentra-
tions were identiﬁed. The occurrence of an "emissions-affected"
diurnal variationwith amaximum in the afternoon at several sites indi-
cates that there are a large number of biogenic isoprene emission
hotspots in the city. A "meteorologically/chemically affected" diurnal
variation in maximum values in the early morning and late evening
and a minimum during the afternoon was observed at the sites with
small numbers of isoprene emitters in the immediate vicinity. The con-
centration peaks were caused by rapidly changing conditions (mixing
layer height, wind speed) andmark the transitional times when the di-
urnal variation in isoprene concentrations during the daytime became
disconnected from the emissions as a result ofmore intense atmospher-
ic dilution. Recently, Doughty et al. (2013) also observed a temporary
isoprene increase shortly before sunset and attributed this increase to
changes in atmospheric turbulence and stabilisation of the surface
layer. The high isoprene/benzene and isoprene/toluene concentration
ratios measured at their times of maximum values would not appear
to support an anthropogenic cause.
To quantify the anthropogenic contribution to isoprene concen-
trations, measurements were conducted on an arterial road outside
of the growing season. Using benzene as a tracer for road trafﬁc
emissions, the anthropogenic contribution to the isoprene concen-
tration was approximately 2% of the benzene concentration; slightly
lower than that (8%) found by Duane et al. (2002), who determined
the anthropogenic contribution on the basis of the slope of the re-
gression line. In contrast, we used the mean values of the half hourly
isoprene/benzene ratios. If the slope was used, the resulting anthro-
pogenic contributionwould be 9%. The results of this study are also in
good agreement with those of Christensen et al. (1999), who found an
isoprene/benzene ratio of 0.06 based on mean concentrations during a
measurement campaign in winter, and with those of Borbon et al.
(2001), who found isoprene/benzene ratios in the range of 3–6% in
the exhaust of vehicles of various types. In this study, the isoprene con-
centration only signiﬁcantly exceeded the detection limit outside the
growing season at low wind speeds and low mixing layer heights
(MLH), and no anthropogenic isoprene was detected when the wind
speed and MLH were high. Locally (i.e., near the spent-air outlets of
buildings or in public spaces where many people were present), high
isoprene/benzene ratios may have been caused by a metabolic contri-
bution outside the growing season due to human exhalation of isoprene
in high concentrations of approximately 100 ppb (Kushch et al., 2008;
de Blas et al., 2012; Veres et al., 2013).
Based on measurements on the arterial road, we conclude that the
contribution of anthropogenic isoprene fell greatly to a very low level
during the last twenty years in Central Europe due to the great reduc-
tion in road trafﬁc emissions (Stemmler et al., 2005; Dollard et al.,
2007). The contribution of anthropogenic emissions to the isoprene
concentration appears to be negligible in the summer, particularly on
days with high air temperatures and a well-mixed boundary layer.
As a result of the biogenic emissions of urban trees, isoprenemust
be seen as an important ozone precursor in urban areas in the central
part of Europe, particularly in cities where the urban vegetation in-
cludes large numbers of isoprene emitters. The comparison of the
contribution of isoprene, benzene and toluene concentrations to
the OH reactivity and ozone-forming potential at several measurement
sites indicates that isoprene is an important ozone precursor in Essen,
Germany, on summer days (tair,max ≥ 25 °C). The photochemical
impact of isoprene rises with increasing air temperature, making this
substance an important precursor in conditions where the ozone con-
centration is already high (Melkonyan andWagner, 2013). Only the af-
ternoon hours, representing times of signiﬁcant photochemical activity,
were analysed. Night-time concentrations were not taken into consid-
eration in the investigation of the photochemical signiﬁcance ofisoprene as this would lead to considerable underestimates of the im-
pact of isoprene on ozone formation as a result of the lack of biogenic
isoprene emissions at night and the short atmospheric lifetime of
isoprene.
In the future, biogenic VOC emissions in urban areas are expected to
become evenmore important if anthropogenic VOC emissions continue
to decline as a result of technological progress. In view of the effect of
carbon dioxide in inhibiting biogenic isoprene emissions, the question
of whether higher temperatures caused by climate change will result
in an increase in biogenic emissions is still being investigated (Arneth
et al., 2008; Paciﬁco et al., 2009).
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